Anatase/rutile mixed-phase titanium dioxide (TiO 2 ) nanoparticles (NPs) have been found in cosmetics and cotton textiles. Once exposed to sunlight, mixed-phase TiO 2 NPs are even more toxic to cells than pure phase NPs; however, the underlying mechanism remains unclear. Considering the unique anatase/rutile heterojunction structure existing in mixed-phase NPs, the potent toxicity of mixed-phase TiO 2 NPs probably originates from the high reactive oxygen species (ROS) production because the anatase/rutile heterojunction is constituted by the staggered energy bands that facilitate the electron-hole separation at the interface due to the band alignment. In the present study, a library of mixed-phase TiO 2 NPs with different anatase/rutile ratios was established to investigate the potential property-activity relationship and further clarify the underlying molecular mechanism. Under sunlight exposure, these mixed-phase TiO 2 NPs could produce significant abiotic ROS and induce hierarchical oxidative stress to HaCaT skin cells and mice skin. The ROS magnitude and toxicity potential of these NPs were found to be proportional to their energy band bending (BB) levels. This means that the toxicity of mixedphase TiO 2 NPs can be correlated to their heterojunction density, and the toxicity potential of mixed-phase TiO 2 NPs can be weighed by their BB levels.
The rapidly expanding use of nanomaterials in various aspects of human life has dramatically increased human exposure to nanomaterials. Concerns on the potential adverse human health effects of nanomaterials are escalating (Gunter et al., 2007; Seaton et al., 2010) . Titanium dioxide (TiO 2 ) nanoparticles (NPs), such as anatase and rutile, have been widely used as ingredients in cosmetics and cotton textiles (Barker and Branch, 2008; Contado and Pagnoni, 2008; Doganli et al., 2016; Meilert et al., 2005) . These applications potentially increase the risk of human skin exposure to TiO 2 NPs, especially under outdoor sunlight irradiation. Ultraviolet (UV) or sunlight exposure on one hand can remarkably deepen the penetration of NPs into skin (Bennett et al., 2012) and on the other hand can facilitate reactive oxygen species (ROS) generation through exciting electrons into conduction band to form superoxide (O 2 • À ) and generating holes in valence band to form hydroxyl radicals (HO•), which has led to serious concerns on the risk of TiO 2 NPs to human skin health (Brezova et al., 2005; Serpone et al., 2007) . Unfortunately, more severe toxicity is caused by mixedphase TiO 2 NPs compared with pristine NPs (Gerloff et al., 2012; Wu et al., 2009; Yin et al., 2012) . In vitro study indicates mixedphase TiO 2 NPs can induce the enhanced Lactate Dehydrogenase (LDH) leakage and oxidative stress responses in HaCaT skin cells (Yin et al., 2012) , whereas in vivo study reveals a large reduction in the collagen content of mouse skin when exposed to mixed-phase TiO 2 NPs (Wu et al., 2009) . Obviously, mixed-phase TiO 2 NPs are more dangerous than pristine NPs, however, the underlying mechanism remains unclear. Mixed-phase TiO 2 NPs usually contain high density of anatase/rutile heterojunctions that are constructed by staggered band edges arising from the different band gaps of anatase and rutile (Tiwari et al., 2016) . Previous studies have demonstrated that the band alignment at the interface of heterojunction can drive electrons flow from rutile to anatase with holes moving in the opposite directions (De ak et al., 2016; Kullgren et al., 2015; Scanlon et al., 2013; Sun et al., 2015) , leading to an efficient electron-hole separation. The free electron and hole can react with oxygen and water molecules to form O 2 • À and HO• radicals, respectively, potentially causing potent oxidative stressmediated cellular injury (Zhang et al., 2014) . This means there probably existing a property-activity relationship between heterojunction and toxicity of mixed-phase TiO 2 NPs, which can be used to deeply understand the toxicity mechanism of mixed-phase TiO 2 NPs and further predict their toxicity potential. However, it is currently hard to establish this relationship because there is a lack of a feasible way to determine the density of heterojunction. So, it is necessary to develop a method to reflect the density of heterojunction. Since the heterojunction-assisted electron-hole separation can lead to charge accumulation at the interface of heterojunction, a band bending (BB) effect usually occurs (Zhang et al., 2014) . The degree of BB is proportional to the amount of accumulated charges and further proportional to the density of heterojunction (Edmonds et al., 2011) . Thus, determination of the BB level becomes a feasible approach to reflect the density of heterojunction and further predict the toxicity potential of mixed-phase TiO 2 NPs. In this study, a series of anatase/rutile mixed-phase TiO 2 NPs with different anatase/rutile ratios were prepared to display different densities of heterojunction, which could be used to investigate the potential property-activity relationship of mixedphase NP sin keratinocyte HaCaT skin cells and mouse skin under exposure to simulated sunlight. It was hypothesized that the staggered energy bands at the interface of anatase/rutile heterojuctions could trigger the electron-hole separation and the BB until Fermi energies of anatase and rutile were aligned (Figure 1A) , and the formed free charges could produce ROS and cause oxidative injury in cells and mice skin, where the density of heterojunction and the extent of injury could be weighed by the BB level ( Figure 1B) . Energy structures and the BB levels of these NPs were systemically examined to correlate with ROS production and induced oxidative stress toxicological responses in cells and mice. Actually, it was found that under sunlight irradiation, TiO 2 NPs with various anatase/rutile ratios could generate different magnitudes of O 2 • À and HO• radicals, and cause different levels of heme oxygenase-1 (HO-1) expression, interleukin 8 (IL-8) release, and mitochondrial dysfunction in HaCaT skin cells, and ultimately leading to cell death. Further in vivo evaluation of the activity of superoxide dismutase (SOD) and the content of malondialdehyde (MDA) in mouse skin also supported this relationship between the injury and the BB. Thus, the biological effects of mixed-phase TiO 2 NPs can be well elucidated by their semiconductor properties.
MATERIALS AND METHODS
Chemicals. Titanium (IV) isopropoxide (!97%), 1-butanol (anhydrous, 99.8%), and poly-(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol)PEO20-PPO70-PEO20 (Pluronic P123) were purchased from Sigma-Aldrich. All chemicals were reagent grade and used without further purification or modification unless otherwise indicated. Water throughout all experimental procedures was obtained by using a Milli-Q water purification system.
Synthesis of pristine and mixed-phase (anatase/rutile) TiO 2 NPs. Mixed-phase TiO 2 NPs were synthesized through inverse micelle template sol-gel method under solvothermal conditions and using titanium isopropoxide as a precursor (Luo et al., 2015) . In a typical synthesis, 0.01 mol (2.84 g) titanium isopropoxide was dissolved in a solution containing 0.094 mol (7 g) of 1-butanol, 0.016 mol (1 g) of concentrated HNO 3 and 1.72 Â 10 À4 mol of P123 surfactant in a 150-ml beaker at room temperature (RT) under magnetic stirring. The obtained clear gel was dark yellow in appearance and placed in an oven running at 120 C for 4 h. The pristine and mixed-phase TiO 2 NPs were obtained by calcining the dark orange and transparent (rigid) films under air conditions for 4 h at various temperatures (600 C-1000 C). After the temperature dropped to RT, the products were taken out and washed with water and ethanol alternately for several times, and dried in an oven at 80 C overnight.
Physicochemical characterization of pristine and mixed-phase TiO 2 NPs. X-ray diffraction (XRD) patterns were collected using D8 ADVANCE (BRUKER company, Germany) (Cu Ka radiation) over a range of 15 À80 2h. Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) were performed using a JEOL 2100 F microscope operated at 200 keV. Specific surface area was determined by the BET method from N 2 sorption isotherms, and acquired using a Micrometrics ASAP 2010 sorption instrument. Zeta potential and dynamic light scattering (DLS) data were collected on a Malvern Nanosizer ZS. Micro-Raman spectra were recorded in backscattering geometry using LabRam HR 800 (HORIBA Jobin Yvon) coupled with an Olympus BX 41microscope; the confocal hole and the silt width were both fixed at 200 lm, and the excitation wavelength of 633 nm was used. Ultraviolet photoelectron spectroscopy (UPS) measurements were performed on a PREVAC XPS/UPS system spectrometer equipped with monochromatic Al Ka radiation (hm ¼ 1486.7 eV) as X-ray source and a He I radiator (hm ¼ 21.2 eV) as UV source. All spectra were collected at RT in an ultra-high-vacuum environment (base pressure of analysis chamber < 5Â 10 À8 Torr). All UPS-binding energies are referenced to the Fermi edge of a clean Au foil. For UPS measurement, indium tin oxide (ITO) slide was first washed by water, acetone, and ethanol, respectively for several times in order to remove the contamination. The TiO 2 NPs dispersed with deionized water at a concentration of 2.5 mg/ml were dropped onto the ITO surface and left to dry. The valence band maximum (VBM) was determined by linear extrapolation of the leading edge of the UPS spectrum, and the work function was determined from one-half the height of the secondary electron onset. Band-gap energies were obtained from diffuse reflectance (DR) UV-vis spectroscopic analysis (PerkinElmer UV-VIS Spectrometer Lambda 35) by using BaSO 4 as a reference material. All measurements were conducted in ambient air using a bandwidth of 1.0 nm. Collected DR UV-vis spectra were converted into KubelkaÀMunk function (F[R1]) spectra. Sunlight exposure experiments were conducted on Sun 2000 Solar Simulator (Abet Technologies).
Confirmation of the percentage of rutile phase in the mixed-phase TiO 2 NPs by XRD and Raman spectra. The percentage of rutile phase in the mixed-phase of TiO 2 NPs was determined based on XRD analysis through the equation: , 100 U/ ml penicillin, 100 lg/ml streptomycin, and 2 mM L-glutamine at 37 C in a humidified atmosphere of 5% CO 2 . The culture medium was replaced at 70%-80% confluency every 2 days.
Cellular uptake of pristine and mixed-phase TiO 2 NPs determined by ICP-OES. There were 8 Â 10 4 HaCaT cells in 800 ll of DMEM were incubated in 12-well plates (Costar, Corning) for overnight growth. The medium was removed, and cells were incubated with 800 ll of 200 lg/ml TiO 2 NP DMEM suspension for 6 h. After removal of culture medium, cells were washed with PBS 3 times and harvested through trypsinization, and digested by concentrated nitric acid for ICP-OES assessment.
Cytotoxicity assessment by MTS assays. Viability of HaCaT cells exposed to different TiO 2 NPs with or without simulated sunlight exposure was determined by an MTS assay. 1 Â 10 5 HaCaT cells in 100 ll of DMEM were seeded in each well of 96-well plates and incubated for 24 h. The medium was removed, and cells were treated with 100 ll of TiO 2 NP suspensions at concentrations of 0.4-200 lg/ml for 6 h, followed by exposure to the simulated sunlight for 15 min at a power density of 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for 18 h. Then, the culture medium was removed and cells were washed with PBS 3 times. Each well received 100 ll of culture medium containing 16.7% of MTS stock solution, followed by 1 h of incubation at 37 C in a humidified 5% CO 2 incubator. The plate was centrifuged at 2000 Â g for 10 min in Xiangyi L535R with a microplate rotor to spin down the NPs and cell debris. In toal 80 ll of the supernatant was transferred into a new 96-multiwell plate. The absorbance of formazan was read at 490 nm on a SpectraMax M5 microplate reader (Molecular Devices Corp., Sunnyvale, California). In comparison, the viability of cells treated with TiO 2 NPs but without sunlight exposure was also tested following the similar procedure.
Cellular ROS measurement by flow cytometer. There were 8 Â 10 4
HaCaT cells in 800 ll of DMEM were plated in each well of 12-well plates (Costar, Corning) for overnight growth. After removal of the medium, and cells were incubated with 800 ll of 50 lg/ml different TiO 2 NPs suspension in DMEM medium for 6 h, and then cells were exposed to simulated sunlight for 15 min at a power density of 0.1 W/cm 2 and further cultured for 6 h. Cells only exposed to the sunlight were used as a control. Next, the culture medium was removed and cells were stained with 100 ll of 10 lmol/ml DCFH-DA for 30 min. After washing with PBS for 3 times, the harvested cells were transferred to polystyrene tubes for acquisition and analysis by flow cytometer (BD Accuri C6). In comparison, ROS generation of the cells treated with TiO 2 NPs but without exposure to sunlight was also examined following the similar procedure.
Cellular Glutathione (GSH) measurements based on a 5,5 0 dithio 2-nitrobenzoic acid (DNTB) method. In total 8 Â 10 4 HaCaT cells were plated in each well of 12-well plates (Costar, Corning) for overnight growth. After removal of the medium, and cells were incubated with 800 ll of 50 lg/ml different TiO 2 NP suspension in DMEM medium for 6 h, and then cells were exposed to simulated sunlight for 15 min at a power density of 0.1 W/cm 2 and further cultured for 6 h. Cells were washed with PBS 3 times and resuspended in cell lysis buffer (Beyotime). After centrifugation, 10 ll of lysate was mixed with 150 ll of 30 lg/ml DNTB in 1 of 96-well plates. The absorption of the resulting mixture at 412 nm was recorded on a SpectraMax M5 microplate spectrophotometer. In comparison, GSH levels of the cells treated with TiO 2 NPs but without exposure to sunlight were also determined following the similar procedure.
Western blot analysis for HO-1 expression. There were 1.6 Â 10 5
HaCaT cells in 1.6 ml of culture medium seeded into each well of 6-well plates (Costar, Corning). After overnight growth, cells were treated with 1.6 ml of 50 lg/ml NP suspension for 6 h, and then exposed to the stimulated sunlight for 15 min at a power density of 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for 6 h. Cells only exposed to the sunlight were used as a control. Cells were washed with PBS 3 times and harvested through scraping. Cell pellets were resuspended in cell lysis buffer containing protease inhibitors. The lysate was sonicated briefly and centrifuged, and the protein content in the supernatant was measured by the Bradford method. A 30 lg amount of total protein from each sample was electrophoresed by 10% SDS-PAGE and transferred to a PVDF membrane. After blocking, membranes were incubated with antihuman HO-1 or b-actin monoclonal antibody (1:1000) (Beyotime) for 12 h. After being washed with TBS/T buffer 3 times, membranes were incubated for 12 h with horseradish peroxidase conjugated secondary antibody (dilution 1:1000) (Beyotime, Nanjing). After being washed, membranes were developed using an enhanced Super Signal West Pico chemiluminescent substrate (Thermo Scientific, USA). The intensity of HO-1 was normalized to that of b-actin using Image J software. In comparison, HO-1 expression of the cells treated with TiO 2 NPs but without exposure to sunlight was also examined following the similar procedure.
IL-8 cytokine quantification by ELISA. There were 1 Â 10 5 HaCaT cells in 100 ll of DMEM plated in each well of a 96-multiwell black plate (Costar, Corning) for overnight growth. The medium was removed, and cells were treated with NP suspensions (50 lg/ml) in DMEM for 6 h, and exposed to the stimulated sunlight for 15 min at a power density of 0.1 W/cm 2 . After the sunlight exposure, the cells were cultured for another 6 h. Plates were centrifuged at 2000 Â g for 10 min in Xiangyi L535R with a microplate rotor to spin down the cell debris and NPs. In total 50 ll of the supernatant from each well was used for measurement of IL-8 activity in HaCaT cells using an OptEIA (BD Biosciences, California) ELISA kit according to the manufacturer's instructions. Briefly, a 96-well plate was coated with 100 ll of monoclonal antiIL-8 antibody overnight. After removal of the unbound antibody, a standard cytokine dilution series or 50 ll of each supernatant were pipetted into the precoated wells for antigen capture. After 2 h of incubation, the unbound growth factor was removed and each well was washed with a buffer 5 times and an enzyme-linked secondary polyclonal antibody added. Following washing, a substrate solution (1:250) was added into each well to allow color development. After termination of the reaction, the colorimetric intensity was measured at 450 nm on a SpectraMax M5 microplate reader. In comparison, IL-8 release of the cells treated with TiO 2 NPs but without exposure to sunlight was also examined following the similar procedure.
Fluorescence microscopy to investigate the mitochondrial dysfunction.
Mitochondrial membrane depolarization and superoxide generation were investigated by 5, 5', 6, 6'-tetrachloro-1, 1', 3, 3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1) and MitoSox Red fluorescent indicators, respectively. There were 2 Â 10 5
HaCaT cells in 800 ll of DMEM were plated in each well of a 12-multiwell plate (Costar, Corning) for overnight growth. After removal of the medium, and cells were treated with 800 ll of 50 lg/ml TiO 2 NPs for 6 h, and then exposed to the simulated sunlight for 15 min at power intensity of 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for another 6 h at 37 C in a humidified 5% CO 2 incubator. Then, the culture medium was removed, and cells were washed with PBS 3 times. Each well received 800 ll of fresh culture medium containing Hoechst 33342 (1 lmol/l) and JC-1 (5 lmol/l) or Hoechst 33342
(1 lmol/l) and MitoSox Red (5 lmol/l). After 30-min incubation, fluorescent images were taken on Olympus BX-51 Optical System Microscope (Tokyo, Japan) with 20Â objective. In comparison, the mitochondrial membrane depolarization and superoxide generation of cells treated with TiO 2 NPs but without sunlight exposure were also investigated following the similar procedure.
Flow cytometric analysis of cell cycle. Cell cycle distribution was examined by evaluating the relative cellular DNA content with a flow cytometric technique. In total 2 Â 10 5 HaCaT cells in 800
ll of DMEM were plated in each well of a 12-multiwell plate (Costar, Corning) for overnight growth. After removal of the medium, and cells were treated with 800 ll of 50 lg/ml TiO 2 NPs for 6 h, and then exposed to the simulated sunlight for 15 min at light power intensity of 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for another 18 h at 37 C in a humidified 5% CO 2 incubator. Then the cells were detached by trypsin and washed 3 times with PBS. The harvested cells were fixed with ice-cold 70% (v/v) ethanol at 4 C for at least 6 h.
Afterwards, cell pellets were washed twice with ice-cold PBS and resuspended in 1 ml of PBS containing (1 mg/ml) RNase and (50 lg/ml) propidium iodide (PI), and then incubated for 30 min in the dark at RT. Finally, samples were examined by a flow cytometer (BD Accuri C6). Cell cycle was analyzed according to the distribution of DNA content and divided into G1, S, and G2/M phases.
Flow cytometric analysis of apoptotic cells. There were 2 Â 10 5
HaCaT cells in 800 lL of DMEM were plated in each well of a 12-multiwell plate (Costar, Corning) for overnight growth. After removal of the medium, and cells were treated with 800 ll of 50 lg/ml TiO 2 NPs for 6 h, and then exposed to the simulated sunlight for 15 min at a power densityof 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for another 18 h at 37 C in a humidified 5% CO 2 incubator. Then the cells were detached by trypsin (without ethylenediaminetetraacetic acid) and washed 3 times with PBS. Cells were re-suspended in 500 ll of binding buffer (10 Â 10 À3 M 4-[2-hydroxyethyl]-1-pipera zineethanesulfonic acid, 140 Â 10 À3 M NaCl, 2.5 Â 10 À3 M CaCl 2 , pH ¼ 7.4), and mixed with 5 ll of 100 lg/ml FITC-conjugated Annexin V and 5 ll of 100 lg/ml PI, and incubated in the dark for 10 min. Then, the cell apoptosis was analyzed by a flow cytometer.
Senescence-associated b-galactosidase staining. There were 2 Â 10 5
HaCaT cells in 800 lL of DMEM were plated in each well of a 12-multiwell plate (Costar, Corning) for overnight growth. After removal of the medium, and cells were treated with 800 ll of 50 lg/ml TiO 2 NPs for 6 h, and then exposed to the simulated sunlight for 15 min at a power density of 0.1 W/cm 2 . After the sunlight exposure, the cells were further cultured for another 6 h at 37 C in a humidified 5% CO 2 incubator. Then, the cells were divided into 6 groups with 6 mice per group. Animals were acclimatized to laboratory conditions for 1 week prior to experiments and were on standard animal chow and water ad libitum with 12-h light/dark cycle. The temperature of the room was maintained at 18 C-22 C and the relative humidity about 50%-60%. One group was for the control group without any NP treatment, while the other 5 experimental groups were treated by 5 different types of TiO 2 NPs including A, A7:R3, A4:R6, A3:R7, and R. Suspensions of different types of TiO 2 NPs of 8 wt% were made with Pentalan-408 (pentaerythritoltetraethylhexanoate), which is similar to the sunscreen formulation , followed by 5 min of sonication to provide a uniform formulation. The dorsal surface of mice in experimental groups was exposed to 100 ll of above TiO 2 NP formulations with a 4 cm 2 (2 Â 2 cm 2 ) area for 3 h under simulated sunlight exposure, and the remaining residual NPs were removed from skin with lukewarm water. The mice in control group were only exposed to simulated sunlight for 3 h. After 14 consecutive day treatment, the mice were sacrificed and the skin was removed for further assay.
SOD activity and MDA content analysis of the mouse skin. The dorsal skin that was exposed to TiO 2 NPs was exercised and washed with ice-cold PBS 3 times, and then homogenized in ice-cold PBS by ultrasonic cell sonicator at 200 W for 10 min (0 C).
Homogenates were centrifuged at 8000Â g for 15 min (4 C) and the supernatants were collected and stored at À20 C. The activities of SOD and the contents of MDA in dorsal skin homogenates were examined by standard reagent kit (Beyotime, Nanjing).
Histopathologic analysis of the mouse skin. Balb/c hairless mice were sacrificed at the termination of the experiment under anesthesia. The dorsal skin about 8 mm thick containing the epidermis that was exposed to TiO 2 NPs were taken and washed with cold PBS for 3 times. After that, the skin tissues were fixed in 4% paraformaldehyde in 0.4 M phosphate buffer (pH 7.6). The skin tissues were dehydrated and embedded in paraffin, and then cut into 4 lm sections. The sections were stained with hematoxilin and eosin (H&E) and subsequently processed for histopathological examination under a light microscope. The thickness of the epidermis was measured afterwards by means of the light microscope (Olympus BX-51 Optical System Microscope [Tokyo, Japan]) with Image J system. Three to five views under the microscope were choice for measurement. The average thickness was recorded for compare.
Statistical analysis. All data were expressed as mean 6 SD. All values were obtained from at least 3 independent experiments. Statistical significance was evaluated using 2-tailed heteroscedastic Student's t tests according to the TTEST function in Microsoft Excel. The significant difference between groups was considered statistically significant when the p-value was < .05.
RESULTS

Physicochemical Characterization of Mixed-Phase TiO 2 NPs With Different Anatase/Rutile Ratios
The ratios of anatase/rutile were precisely adjusted by controlling the process of phase transformation from anatase (A) to rutile (R) through 600 C-1000 C, while other reaction conditions were kept consistent for achieving similar physicochemical properties. The phase ratio of A to R in mixed-phase TiO 2 was determined by XRD (Luo et al., 2015) . Figure 2A indicates that with the temperature increasing, the diffraction peak intensity of rutile phase gradually increases, while the corresponding intensity of anatase phase declines. Based on the XRD analysis, the anatase/rutile ratios of mixed-phase TiO 2 NPs were determined as 7:3, 4:6, and 3:7, and the corresponding particles were named as A7:R3, A4:R6, and A3:R7, respectively. Raman spectrum is another widely used method to determine the phase transfer from anatase to rutile (Fang et al., 2008; Frank et al., 2012) . Figure 2B shows that with the temperature increasing the Raman peak at 638 cm À1 attributed to anatase phase is gradually shifted until to 612 cm À1 that is attributed to rutile phase, corroborating the formation of mixed-phase NPs with different phase ratios. TEM images revealed the spherical morphology of these TiO 2 NPs ( Figure 2C ), and HRTEM images ( Figure 2C ) further displayed the formed anatase/rutile heterojunctions in A7:R3, A4:R6, and A3:R7 regarding the coexisting anatase/rutile lattice fringes. The lattice fringe of anatase was about 0.35 nm, orientated in the (101) direction, while it was 0.32 nm for rutile corresponding to (110) direction (Ruan et al., 2013) . The primary sizes of these NPs ranged from 80 6 8 to 100 6 9 nm ( Figure 3A) , and the corresponding specific surface area were determined by Brunauer-Emmett-Teller (BET) ranging from 39.9 6 2.2 to 89.9 6 4.7 m 2 /g ( Figure 3B ). Assessments of hydrodynamic sizes using DLS method demonstrated that all the TiO 2 NPs could be well dispersed in water and their hydrodynamic sizes ranged from 315.0 6 27.8 to 375.9 6 11.1 nm ( Figure 3C ). f-potential measurements indicated all these TiO 2 NPs had positive surface charges ranging from þ22.58 62.47 to þ26.99 61.83 mV in water ( Figure 3D ). These TiO 2 NPs could be also well dispersed in cell culture medium (DMEM), showing similar hydrodynamic sizes of 354.0 6 20.0 to 394.6 6 4.2 nm (Supplementary Figure 1) . In summary, the characterization data reveal that mixed-phase TiO 2 NPs with different anatase/rutile ratios have been successfully obtained, showing homologous physicochemical properties comparable to pristine TiO 2 NPs.
BB Level for Evaluating ROS Production
The formation of anatase/rutile heterojunctions provides the opportunity for the electron transfer between anatase and rutile phase if the staggered band edges get matched. The energy band structures of pristine and mixed-phase TiO 2 NPs were constructed based on their band-gap energies (E g ), Fermi energies (E f ), and VBM energies that were determined by UV-visible diffuse reflection spectroscopy and UPS, respectively. Figure 4A and Supplementary Table 1 summarize the band energy information. The conduction-and valence-band edges of rutile TiO 2 NPs were higher than those of anatase TiO 2 NPs, respectively, meaning the excited electrons preferentially move from rutile to anatase while holes from anatase to rutile, which is consistent with previous results (Kullgren et al., 2015; Scanlon et al., 2013) . This electron-hole separation at the interface of heterojunction can result in free electron and hole accumulation in anatase and rutile sides, respectively, which can induce the BB (Supplementary Figure 2) (Zhang and Yates, 2012) . Since the degree of BB is proportional to the amount of accumulated electrons or holes that depend on the density of heterojunction, the degree of BB can reflect the density of heterojunction in mixed-phase TiO 2 NPs. Figure 4B presents the BB value variation of these NPs, where A4:R6 shows the largest one, followed by A7:R3 and A3:R7. Pristine TiO 2 (A and R) did not show any BB effect because there is no heterojunction interface and charge accumulation. The BB analysis suggested that the notable but varied charge accumulation existing in the mixedphase TiO 2 NPs with the phase ratio changing. The free electrons and holes at the interface of heterojunction can react with oxygen and water to form O 2 • À and HO•, respectively (Brezov a et al., 2014; Dvoranova et al., 2014) . The fluorescent dye, DCF, is usually used to generally detect the abiotic ROS production on nanomaterials (Zhang et al., 2014) . Supplementary Figure 3A shows the significantly enhanced DCF fluorescence intensity induced by mixed-phase TiO 2 NPs compared with pristine NPs after exposure to simulated sunlight, where A4:R6 exhibits the strongest fluorescence intensity, followed by A7:R3 and A3:R7. This trend is consistent with that of the degree of BB. However, only weak fluorescence enhancement was observed in these NPs without exposure to sunlight (Supplementary Figure 3B) . Further ESR spectra distinguished the ROS types and revealed the more remarkable O 2 • À and HO• generation in mixed-phased TiO 2 NPs than pristine particles (Figs. 4C and 4D) (He et al., 2014) , supporting the ROS generation trend in the DCF assay. In comparison, without Figure 4) . All above results demonstrate that free electrons and holes can be derived from heterojunctions in mixed-phase TiO 2 NPs and give rise to the induction of abiotic ROS generation upon sunlight exposure, and the degree of BB can well reflect the magnitude of ROS in mixed-phase TiO 2 NPs.
Toxic Potential Reflected by BB Level
Both O 2 • À and HO• radicals are highly reactive, capable of oxidizing a vast of biomacromolecules and cell organelles, and causing cell oxidative injury (Li et al., 2012) . After incubated with these different TiO 2 NPs (200 mg/ml) for 6 h, HaCaT cells showed similar cellular uptake of TiO 2 NPs based on the cellular Ti contents as determined by inductively coupled plasma optical emission spectrometry (ICP-OES) (Supplementary Figure 5) . To benchmark the relative toxicity of the mixed-phase TiO 2 NPs compared with pristine particles, the cellular viability of HaCaT cells was assessed by MTS assays upon exposure to 0.4-200 mg/ ml TiO 2 NPs for 6 h, followed by 15 min of exposure to simulated sunlight and another 18 h of incubation. Figure 5A shows that mixed-phase TiO 2 NPs can induce more robust decline in cell viability than anatase and rutile TiO 2 , and A4:R6 still exhibits the most potent toxicity, followed by A7:R3 and A3:R7, which is consistent with the tends of ROS production and BB levels of these mixed-phase TiO 2 NPs. To reveal the critical ROS role in toxicity induced by these TiO 2 NPs, N-acetyl-cysteine (NAC) as ROS scavenger was used to pretreat the HaCaT cells (Xue et al., 2011) , and the cell viability was assessed again by MTS assay following treatment with TiO 2 NPs under sunlight exposure. The result shows the cytotoxicity of mixed-phase TiO 2 NPs can be significantly reduced in HaCaT cells after NAC pretreatment (Supplementary Figure 6) , demonstrating ROS scavenger can protect skin cells from ROS attacking of mixed-phase TiO 2 NPs under sunlight exposure. In comparison, without sunlight exposure, the cell viability of HaCaT cells was weakly reduced by these TiO 2 NPs (Supplementary Figure 7A) . This toxicity study demonstrates that mixed-phase TiO 2 NPs can cause more severe toxicity than pristine TiO 2 NPs in HaCaT cells upon exposure to sunlight, with the larger BB level corresponding to the stronger toxicity. Sunlight-mediated ROS generation plays a critical role in induction of toxicity of mixed-phase TiO 2 NPs.
Intracellular ROS Production and GSH Depletion
Since abundant O 2 • À and HO• radicals are generated in mixedphase TiO 2 NPs upon exposure to simulated sunlight, the molecular mechanism underlying the toxicity of these TiO 2 NPs is probably ascribed to activation of oxidative stress (Hamzeh and Sunahara, 2013) . Intracellular ROS production and GSH depletion usually are indicative of oxidative stress injury. Flow cytometry analysis was carried out to detect the intracellular ROS level using H 2 -DCF-DA, while the classic DNTB method was employed to determine the intracellular GSH level. Figure 5B shows the mixed-phase TiO 2 NPs can induce more potent intracellular DCF fluorescence than pristine TiO 2 NPs in HaCaT cells after exposure to sunlight. The fluorescence enhancement trend based on the fold increase in integral area (inset of Figure 5B ) is still in accordance with that of the degree of BB, showing the largest fluorescence enhancement induced by A4:R6, followed by A7:R3 and A3:R7. Figure 5C further displays the corresponding cellular GSH levels, where mixed-phase TiO 2 NPs can more remarkably reduce the cellular GSH level than pristine particles, and A4:R6 still is the most potent one. In comparison, without sunlight exposure, ROS and GSH levels in HaCaT cells were rarely affected by TiO 2 NPs ( Supplementary  Figs. 7B and 7C ). Cellular ROS production and GSH depletion strongly imply the toxicity mechanism of mixed-phase TiO 2 NPs under sunlight exposure is correlated with oxidative stress.
Hierarchical Oxidative Stress Responses
According to oxidative stress paradigm, the hierarchical oxidative stress responses are characterized by an antioxidant defense response (tier 1), the initiation proinflammatory (tier 2), and mitochondrial-mediated cytotoxicity (tier 3) (Nel et al., 2006) . The lowest levels of oxidative stress (tier 1) are associated with the activation of cytoprotective enzymes such as HO-1. Western blotting analysis ( Figure 6A ) revealed that, with simulated sunlight exposure, A4:R6 triggered the most abundant HO-1 expression, followed by A7:R3 and A3:R7, which is proportional to the degree of BB. Failure to restore redox equilibrium in tier 1 is capable of activating proinflammatory signaling pathways such as the Jun kinase and NF-jB cascades, which are involved in the transcriptional activation of cytokine, chemokine, and adhesion gene promoters. IL-8 as typical tier 2 proinflammatory response has been investigated to demonstrate the inflammatory effects in HaCaT cells (Comfort et al., 2014 ). An ELISA assay to detect IL-8 release in the cellular supernatant of HaCaT cells indicated the incremental increase in chemokine production with the increase of BB in mixed-phase TiO 2 NPs ( Figure 6B ). Escalation of oxidative stress response to tier 3 can trigger mitochondrial dysfunction, including mitochondrial superoxide generation and mitochondrial membrane depolarization, ultimately leading to cell death. The fluorescent dyes, MitoSox Red and JC-1, were applied to detect the mitochondrial superoxide generation and mitochondrial membrane depolarization, respectively, through fluorescence microscopy. Figure 6C shows both mitochondrial-mediated toxicological responses are found the most significant in the cells exposed to A4:R6, and these mitochondrial dysfunction effects still followed the trend of BB degrees. Also, in comparison, without sunlight exposure, above tier 1 to tier 3 hierarchical oxidative stress responses including HO-1 expression, IL-8 release and mitochondrial dysfunction were not induced by mixed-phase and pristine TiO 2 NPs (Supplementary Figure 8) . All these in vitro hierarchical oxidative stress responses corroborate the activation of oxidative stress by mixed-phase TiO 2 NPs under sunlight exposure.
Cell Cycle Distribution, Apoptosis, and Senescence Oxidative stress has been known capable of inducing cell death through apoptosis and senescence (Fulda et al., 2010; Haines et al., 2013; Kim et al., 2017; Ozben, 2007) . To identify the type of cell death induced by mixed-phase TiO 2 NPs, additional investigation on cell cycle distribution, apoptosis and senescence were performed. The effect of these NPs on the cell cycle progression was examined by flow cytometry using PI staining. Figure 6D shows that all these TiO 2 NPs can lead to a significantly increased accumulation of the G2/M-phase cells and reduced number of G1-phase and S-phase cells, where A4:R6 induces the most significant G2/M arrest (10.8%), followed by A7:R3 (9.0%), and A3:R7 (8.5%). Then, induction of apoptosis by these NPs was evaluated by flow cytometry using Annexin V-FITC/PI staining. Figure 6E shows that A, A7:R3, A4:R6, A3:R7, and R TiO 2 NPs can induce 24%, 37.5%, 58.2%, 34.8%, and 27.8% of the early apoptotic cells, and 1.1%, 0.1%, 0.5%, 0.4%, and 0.1% of the late apoptotic cells, respectively, where A4:R6 still induces the largest magnitude of apoptotic cells. Moreover, cellular senescence was detected by bright field microscope based on senescence-associated beta-galactosidase (SA-b-gal) activity (Marazita et al., 2016) . As shown in Supplementary Figure 9 , after treatment with mixed-phase or pure phase TiO 2 NPs, HaCaT cells did not display positive (SA-b-gal) staining, while 100 lM H 2 O 2 as a positive control could induce noticeable staining (Choo et al., 2014) . Data are shown as mean 6 SD, Student's t test, *p < .05 as compared with untreated cells, n ¼ 3, and #p < .05 for pairwise comparison between A7:R3, A4:R6, and A3:R7.
In Vivo Mouse Skin Damage
In vivo SOD activity and MDA content are biomarkers of antioxidant defense, and their increased levels are indicative of oxidative stress injury. To further confirm the significant in vitro toxicity of mixed-phase TiO 2 NPs in skin cells, the dorsal skin of Balb/c hairless mice were exposed to various pristine and mixed-phase TiO 2 NPs for 14 days with 3 h of daily simulated sunlight exposure, and in vivo SOD activity and MDA content were analyzed. As shown in Figure 7A , compared with the control group, the topical treatment of TiO 2 NPs followed by sunlight exposure causes significantly increased SOD activities in the mice skin, where mixed-phase TiO 2 NPs induce higher SOD activities than pristine particles, and A4:R6 showed the highest activity, followed by A7:R3 and A3:R7. Figure 7B indicates the MDA contents of mice skin exposed to TiO 2 NPs, can display the similar tendency as shown in SOD activity. Both in vivo SOD activity and MDA content assessments confirm the in vitro results that mixed-phase TiO 2 NPs can cause more severe oxidative stress than pristine particles under sunlight exposure. Moreover, the oxidative stress-mediated inflammation usually can result in pathological changes in skin ultrastructures . The epidermal thickness of mouse skin was evaluated in skin tissues after H&E staining. Figure 7C shows the mixed-phase TiO 2 NPs can more significantly increase the thickness of mouse skin than anatase (the epidermal thickness was about 24.3 lm) and rutile (32.6 lm) NPs, and the most pronounced effect is found on A4:R6. The epidermal thickness for A7:R3, A4:R6, and A3:R7 were about 44.6, 53.8, and 35.7 lm. Obviously, the more severe in vivo skin damage is induced by mixed-phase TiO 2 NPs compared with pristine particles, which intensely correlates to the abiotic O 2 • À and HO• radicals generation and can be predicted by BB degrees.
DISCUSSION
Pristine TiO 2 NPs (anatase and rutile) are usually considered as safe nanomaterials and have been widely used as ingredients in cosmetics and cotton textiles (Barker and Branch, 2008; Contado and Pagnoni, 2008; Doganli et al., 2016; Meilert et al., 2005) . Although TiO 2 NPs have also been well known capable of causing cell injury under UV light exposure (George et al., 2014; Shakeel et al., 2016; Uchino et al., 2002) , the low skin penetration ability of TiO 2 NPs is considered beneficial for reducing their adverse effects to human skin (Sadrieh et al., 2010; Wu et al., 2009) . However, most these skin penetration studies do not consider the influence of sunlight exposure. Actually, the sunlight exposure can significantly deepen the penetration of NPs into skin (Bennett et al., 2012) , meaning the NPs probably are more dangerous under sunlight exposure. Thus, it is necessary to investigate the toxicity of TiO 2 NPs on skin under sunlight exposure not only because of the photocatalytic properties of TiO 2 NPs but also because of the sunlight-assisted skin penetration. Anatase/rutile mixed-phase TiO 2 NPs recently were found in cosmetics and cotton textiles (Doganli et al., 2016; Meilert et al., 2005) , and exhibited more severe toxicity than pristine TiO 2 NPs (Wu et al., 2009; Yin et al., 2012) . Although the stronger toxicity of mixed-phase TiO 2 NPs can be easily ascribed to their active electronic property arising from the heterogeneous interface, there is a lack of a clear property-activity relationship to understand the toxicity mechanism and predict the toxicity potential based on the semiconductor property of mixed-phase TiO 2 NPs. Moreover, since anatase/rutile mixed-phase TiO 2 NPs can have different anatase/rutile ratios based on distinctive preparation process, there also lacks a feasible strategy to evaluate the toxicity difference based on their physicochemical property. In the present study, a series of mixed-phase TiO 2 NPs with different anatase/rutile ratios were prepared to evaluate their oxidative injury on HaCaT cells and mouse skin under sunlight exposure, unveiling the potential property-toxicity relationship. Since the different anatase/rutile ratios could lead to different densities of anatase/rutile heterojunction, the BB concept was introduced herein to reflect the density of heterojunction, which is beneficial for quantitatively assessing the biological effect based on the semiconductor property. Actually, mixed-phase NPs were proved to be able to promote electron transfer from rutile to anatase based on their energy structures and produced more significant O 2 • À and HO• radicals than pristine NPs (Figs. 4C and 4D) under sunlight exposure, leading to more severe oxidative injury on HaCaT cells ( Figure 5A ) and mouse skin (Figure 7) . The BB levels of A7:R3, A4:R6, and A3:R7 mixed-phase TiO 2 NPs were found to be proportional to their abiotic radical amounts as well as in vitro and in vivo toxicological response levels and the extent of damage. Previous studies have successfully made attempts to correlate the electronic property of semiconductor nanomaterials with their toxicity (Burello and Worth, 2011; . This study further corroborates that the electronic property of semiconductor nanomaterials can be used to evaluate their toxicity potential. Under sunlight exposure, mixed-phase NPs was proved to be able to generate a large amount of O 2 • À and HO• radicals. As typical ROS, O 2 • À and HO• radicals can react with a range of biomolecules and exert potent adverse effects in damage of cell organelles and disruption of cellular redox homeostasis, leading to direct and indirect cellular ROS production (Chang et al., 2017; Liu et al., 2016; Meng et al., 2009) . To overcome the ROS production, cells usually trigger either a defensive or an antioxidative response eliciting a chain of adverse biological responses (Manke et al., 2013) . Cells exposed to mixed-phase NPs probably can induce similar biological responses, which is helpful for clarification of the molecular mechanism. Typical intracellular ROS production ( Figure 5B and Supplementary Figure 7B ) and GSH depletion ( Figure 5C and Supplementary Figure 7C ) of HaCaT cells were induced by mixed-phase TiO 2 NPs, suggesting the high possibility of activation of oxidative stress signaling pathway. Further hierarchical oxidative stress response assessments corroborated mixed-phase TiO 2 NPs could elicit HO-1 phase II enzyme expression (tier 1), IL-8 proinflammatory CXC chemokine release (tier 2), and mitochondrial dysfunction (tier 3) including mitochondrial membrane depolarization and superoxide generation ( Figure 6C and Supplementary Figure 8) . More importantly, all mixed-phase TiO 2 NPs-induced in vitro toxic response levels as well as in vivo mouse skin damage extents ( Figure 7 ) were proportional to O 2 • À and HO• amounts generated in mixed-phase TiO 2 NPs (A4:R6, A7:R3, and A3:R7). Obviously, the in vitro and in vivo toxicity induced by mixedphase TiO 2 NPs under sunlight exposure are based on activation of oxidative stress. Oxidative stress can induce multiple types of cell death, such as apoptosis and senescence. Significant G2/M arrest associated with generation of apoptotic cells induced by mixed-phase TiO 2 NPs confirms the cell death is possibly ascribed to apoptosis. G2/M phase can ensure the accuracy of allocation during mitosis. When some damaged DNA enters into the next phase of the cell cycle from 1 phase before being repaired, this damage can be "fixed down" to result in genetic instability of genome and potential likelihood of death. These results are consistent with the report that severe oxidative stress of TiO 2 NPs is capable of inducing cell apoptosis (Saira et al., 2016; Wang et al., 2015) . It has been reported that cellular senescence is usually associated with G1 arrest (Tao et al., 2017; Yi et al., 2013) . Integrated with the absence of senescence-associated SA-b-gal activity, it can be concluded the type of cell death induced by mixed-phase TiO 2 NPs is not correlated with cellular senescence. In summary, under sunlight exposure, the energy band alignment in mixed-phased TiO 2 NPs can drive the electron transfer between anatase and rutile, resulting in the electronhole separation at the interface of heterojunction. The formed free electron and hole can react with oxygen and water to produce O 2 • À and HO• radicals, respectively, resulting in HaCaT cell death and mouse skin damage. The underlying mechanism is involved in activation of oxidative stress as manifested by hierarchical oxidative stress toxicological responses. Without sunlight exposure, mixed-phased and pristine TiO 2 NPs cannot induce notable toxicity in HaCaT cells and mouse skin. The density of heterojunction of mixed-phased TiO 2 NPs is theoretically proportional to the amount of produced free electrons and holes at the interface of heterojunction, which can be experimentally reflected by the degree of band banding. Thus, the degree of BB in mixed-phased TiO 2 NPs can be used to assess their ROS generation, ultimately predicting their induced toxicity potential in HaCaT cells and mouse skin.
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